A randomized, open-label, parallel-group design was used to determine the percentage of patients achieving improvements in predetermined baseline hemodynamic end points (>20% to 30% increase in cardiac index depending on baseline values and >25% decrease in pulmonary capillary wedge pressure), assessed at hour 0 (end of initial dose titration) and 1, 2, 4, 8, and 24 hours after the infusion of milrinone or nitroglycerin. In total, 125 patients (60 milrinone, 65 nitroglycerin) enrolled in this study, and 119 (58 milrinone, 61 nitroglycerin) were evaluable for the efficacy analysis. A significantly greater proportion of milrinonetreated patients reached (45% v 14%, P ϭ .005) and maintained (24% v 6%, P ϭ .026) hemodynamic goals than did nitroglycerin-treated patients; the time to achieve hemodynamic goals was significantly less in milrinone-treated patients (33 Ϯ 2 v 54 Ϯ 10 minutes, P < .001). Milrinone was also significantly more effective in decreasing systemic vascular resistance (P ϭ .004), increasing stroke volume (P ϭ .008), and improving global clinical status. Inodilator therapy with milrinone seems more efficacious in attaining sustained hemodynamic improvement than does pure intravenous vasodilator therapy with nitroglycerin in treating patients with decompensated heart failure.
Despite an increased knowledge of the pathophysiology and hemodynamic abnormalities observed in patients with heart failure and the increasing availability of effective oral agents, heart failure still poses a significant therapeutic challenge (1) . Decompensated, advanced heart failure (New York Heart Association [NYHA] III or IV) is a multifactorial disease requiring a balanced therapeutic program, which includes a standard regimen of digoxin, diuretics, angiotensin-converting enzyme inhibitors, and sometimes intravenous therapy with vasodilators and/or inotropic agents.
The pathophysiology of heart failure includes increased peripheral resistance secondary to activation of the sympathetic nervous system, which results in increased afterload and decreased cardiac output (2) . Vasodilator agents, both oral and intravenous, are of value in the treatment of heart failure by decreasing preload and peripheral resistance, resulting in modest increases in cardiac output (2) (3) (4) (5) (6) . These agents have no direct inotropic effects on myocyte contractility. The use of vasodilators in heart failure, therefore, often requires the addition of an inotropic agent, such as dobutamine, to obtain the desired increases in cardiac output (7) . However, patients with severe systolic heart failure have abnormalities in the ␤-adrenergic receptor-coupled signal-transduction pathways that would impair the inotropic response to intravenous inotropic agonists, such as dobutamine (8) .
A vasodilator agent that also possesses positive inotropic activity might offer a more rational approach to the treatment of heart failure than a pure vasodilator. Milrinone, a phosphodiesterase III inhibitor, possesses both positive inotropic and vasodilator activity (9, 10) . In short-term clinical studies, bolus administrations of milrinone have been shown to increase cardiac index (CI), decrease pulmonary capillary wedge pressure (PCWP), and decrease systemic vascular resistance (SVR) with minimal changes in heart rate (11) (12) (13) (14) . These therapeutic effects were generally achieved without an increase in myocardial oxygen demand (11) (12) (13) (14) . By providing both a direct inotropic effect on the heart and a peripheral vasodilation effect, milrinone may offer a distinct advantage over pure vasodilators, such as nitroglycerin, in the treatment of patients with advanced heart failure (9). However, it is important to note that these were only short-term infusion studies, which documented only acute hemodynamic effects of milrinone (10) (11) (12) (13) (15) (16) (17) .
To date, no comparative trial has been performed in patients with decompensated heart failure to compare the acute hemodynamic effects of an inodilator (ie, milrinone) with a pure vasodilator (ie, nitroglycerin) for a 24-hour period in the clinical setting. Therefore, the present study was designed to compare the hemodynamic efficacy of intravenous milrinone with intravenous nitroglycerin in patients admitted to the hospital with decompensated NYHA III or IV heart failure. The hemodynamic response to therapy was assessed by right heart catheterization. The primary end point of this study was the proportion of patients achieving and maintaining (at 24 hours) 2 predetermined hemodynamic goals (>20% to 30% increase in CI [depending on baseline CI] and >25% decrease in PCWP) with either milrinone or nitroglycerin, using a prespecified titration algorithm. If the prespecified hemodynamic end point(s) was not achieved in the initial titration phase, the study also evaluated the potential need for additional intravenous therapy with a second inotropic or vasodilator agent in either of the 2 treatment groups. Secondary clinical efficacy response was assessed by change from baseline in Killip class and clinical symptoms.
Methods
This was a randomized, open-label, parallel group study comparing the efficacy and safety of intravenous milrinone versus intravenous nitroglycerin. Patients hospitalized in an intensive care setting with advanced decompensated heart failure and requiring intravenous drug therapy were eligible for enrollment in this multicenter study. Inclusion criteria, within 6 months before study entry, consisted of NYHA III or IV symptoms, a left ventricular ejection fraction less than 45% (radionuclide ventriculography or 2-D echocardiography), and cardiomegaly (cardiothoracic ratio > 55% by chest radiograph). Baseline inclusion hemodynamic criteria required a CI 2.5 L/min/m 2 or less and a PCWP 18 mm Hg or greater. All patients were 18 years of age or older. Women of child-bearing potential had to be nonpregnant (negative urine human chorionic gonadotropin measurements). Major exclusion criteria included sustained or uncontrolled arrhythmias; recent myocardial infarction or open heart surgery; and recent intravenous therapy with inotropic agents, vasodilators, or diuretics. All patients signed informed consent, and the study was conducted in accordance with local institutional guidelines. In total, 125 patients from 12 centers were randomized into the study over a period of 14 months, 60 to the milrinone group and 65 to the nitroglycerin group.
Patients who established a reproducible, stable hemodynamic baseline and met all protocol eligibility criteria were randomly assigned to receive either milrinone or nitroglycerin for a minimum of 24 hours and up to a maximum of 5 days. Study drug administration began within 1 hour of the completion of baseline hemodynamic measurements. The primary end point of this study was to determine the percentage of patients who achieved predetermined hemodynamic goals when treated initially with either milrinone or nitroglycerin (ie, 30 minutes after the milrinone loading dose or at the end of the nitroglycerin titration) (hour 0, see later). The predetermined hemodynamic goal was defined as percent change from baseline in both CI and PCWP. Patients with a baseline CI of greater than 2.3 L/min/m 2 required a 20% increase to achieve the hemodynamic goal; if baseline CI was 2.0 to 2.3 L/min/m 2 , the goal was to achieve an increase of 25%. If baseline CI was less than 2.0 L/min/m 2 , the goal was to achieve an increase of 30%. The hemodynamic goal for PCWP was a decrease of 25%, regardless of baseline values.
Secondary end points in this trial were performed on the randomized treatment groups, regardless of the use of add-on therapy. Secondary end points in the trial included the ability to maintain the combined prespecified favorable effects on CI and PCWP for 24 hours, Killip class, and global clinical status.
Drug Administration
Patients randomized to receive nitroglycerin therapy began with an intravenous infusion of 5 to 25 µg/min with dose titration increasing at a rate of 10 to 25 µg/min every 3 to 5 minutes until one of the following end points was reached: infusion rate of 200 µg/min, 20 mm Hg reduction in mean arterial pressure (MAP), decrease in MAP (ie, Յ55 mm Hg), or nitroglycerin-related clinically significant adverse event.
Patients randomized to milrinone therapy received a loading dose of 50 µg/kg administered intravenously over 10 minutes followed by a continuous infusion of 0.50 µg/kg/min for the duration of the study. In patients with impaired renal function, the infusion rate was adjusted according to guidelines in the product labeling (17) . The occurrence of a clinically significant adverse event required discontinuation of the milrinone infusion.
If the hemodynamic goal was neither achieved nor maintained with single drug therapy, additional therapy was permitted. In the nitroglycerin treatment group, dobutamine was added at an infusion rate of 2.5 µg/kg/min and increased every 5 to 15 minutes until the hemodynamic goal was achieved, a top dose of 15 µg/kg/min was reached, or a clinically significant adverse event attributable to dobutamine occurred.
In the milrinone treatment group, dobutamine was added if a greater improvement in cardiac output was needed. If a greater improvement in PCWP was needed, nitroglycerin was added at the rate previously specified. If improvement in both the cardiac output and PCWP was required, dobutamine and nitroglycerin could both be added.
The following hemodynamic measurements were obtained: 1) cardiac output by thermodilution (L/min) and CI (L/min/m 2 ); 2) mean PCWP measured at the end of expiration (mm Hg); 3) systemic arterial pressure (mm Hg); systolic, diastolic, and mean; 4) pulmonary arterial pressure (mm Hg); systolic, diastolic, and mean; 5) mean right atrial pressure (mm Hg); and 6) heart rate (bpm).
The following parameters were derived from the hemodynamic measurements: 1) SVR (dynes ⅐ s/cm 5 ); 2) stroke volume (SV [mL]), SV index (L/min 2 ), and stroke work index (g ⅐ m/m 2 ); 3) rate-pressure product (bpm ⅐ mm Hg); and 4) pulmonary vascular resistance (dynes ⅐ s/cm 5 ). For timing of the measurement of hemodynamic parameters, the 0 hour (hour 0) was designated as 30 minutes after the initiation of the milrinone loading dose and 5 minutes after the end of the nitroglycerin titration. The 0 hour was used to assess successful achievement of the prespecified hemodynamic goal before the addition of a second agent. Hemodynamic responses were measured at 1, 2, 4, 8, and 24 hours after hour 0. If study treatment continued beyond 24 hours, measurements were taken at 12-hour intervals.
Both oral and intravenous diuretics were withheld within 2 hours before the scheduled hemodynamic measurements and until at least the 8-hour measurement. Similarly, oral vasodilators were withheld from 12 hours before the determination of baseline hemodynamic measurements and until at least a point after the 8-hour measurement. ␤-Blockers were discontinued a minimum of 5 half-lives before the initiation of baseline measurements.
Patients were not included in 24-hour efficacy evaluation when the study drug was permanently discontinued. Those patients not achieving the hemodynamic goals after the addition of another therapy were continued in the study at the discretion of the investigator. Other justifications for discontinuation included an intercurrent illness, adverse event, treatment failure after a prescribed procedure, protocol violation, or administrative reasons.
Statistical Analysis
The primary efficacy end point for comparison between the 2 study treatments was the proportion of patients reaching the hemodynamic goals with the randomized therapy at hour 0 (as defined in the Methods section). The proportion of patients in each group who were able to maintain this goal at the 24-hour time point was also evaluated. Secondary efficacy end points included the potential need for additional therapy, percent change from baseline in CI and PCWP, the changes in Killip class and global clinical status from baseline to last study observation, and the duration of intensive care.
Hemodynamic Goal for Evaluable Patients
Treatment comparisons for 1) the proportion of patients who met the hemodynamic goal at hour 0 and 2) the proportion of patients who met and maintained the hemodynamic goal at the 24-hour measurement were performed by using the Cochran-Mantel-Haenszel test stratified by center. A patient was considered to have met and maintained the hemodynamic goal if the goal was met before and at the 24-hour measurement.
In both the milrinone and nitroglycerin groups, a patient who reached the hemodynamic goal at hour 0 without the addition of a second agent was considered a success. All other patients were considered failures (or missing, if no assessment was done). Hemodynamic comparisons were analyzed for 1) milrinone versus nitroglycerin alone, 2) milrinone alone versus the sum of nitroglycerin alone and nitroglycerin plus dobutamine as add-on therapy, and 3) the sum of milrinone alone and milrinone plus a second agent versus the sum of nitroglycerin alone and nitroglycerin plus dobutamine.
Secondary End Point Comparisons
All secondary comparisons were performed on the randomized treatment groups by intention-to-treat analysis, regardless of the use of add-on therapy. The percent change from baseline to the last study observation before study medication discontinuation for CI and PCWP was analyzed by analysis of variance on the ranks of the percent change from baseline. The duration of intensive care was analyzed by using a 2-way analysis of variance on the ranked data with center and randomized treatment main effects. Descriptive statistics were used to compare percent changes from baseline with each visit window between the randomized treatment groups with respect to the measured and derived hemodynamic parameters.
The treatment effect on the change in Killip classification from baseline to last study observation was analyzed by using the McNemar test for correlated populations within both of the randomized treatment groups. The McNemar test compares the number of patients who experienced a decrease in Killip classification with the number of patients who experienced an increase in Killip classification.
Safety Analysis
Safety end points analyzed included 1) proportion of patients who did not tolerate their randomized therapy (permanently discontinued because of an adverse reaction) and incidence of adverse events.
Treatment comparisons with regard to the proportion of patients who did not tolerate their randomized medication were based on the Cochran-Mantel-Haenszel test with center as strata. Statistical significance was achieved if the null hypothesis could be rejected at the P < .05 level.
Results
Of the 125 patients (60 milrinone, 65 nitroglycerin) entering the study, 119 (58 milrinone, 61 nitroglycerin) were evaluable for analysis of efficacy. Six patients were nonevaluable, 5 (1 milrinone-treated and 4 nitroglycerintreated) did not meet baseline hemodynamic criteria after study entry, and 1 was discontinued because of a protocol violation. All of the 125 patients randomized into the study were evaluated for safety. There were no baseline clinical or hemodynamic differences in patients between treatment groups (Table 1) . Of the 60 patients randomized to the milrinone treatment group, 34 (57%) received milrinone alone, 12 (20%) received milrinone plus dobutamine, 12 (20%) received milrinone plus nitroglycerin, and 2 (3%) received milrinone plus both dobutamine and nitroglycerin. Of the 65 patients randomized to the nitroglycerin treatment group, 13 (20%) received nitroglycerin alone, and 52 (80%) received nitroglycerin plus dobutamine.
Attainment of Hemodynamic Goals
At hour 0 (designated at 30 minutes after the initiation of the milrinone loading dose and 5 minutes after the end of the nitroglycerin), the proportion of evaluable patients reaching the hemodynamic goals with milrinone alone (26/58, 45%) was significantly greater than those who received nitroglycerin alone (8/59, 14%; P < .0005). Posttherapy data were not available for 2 nitroglycerin patients, and therefore, the achievement of hemodynamic goal could not be determined (Table 2) .
There was no significant difference between the 2 treatment groups in the proportion of patients who reached both hemodynamic goals when dobutamine was added to the baseline intravenous therapy. As shown in Table 2 , the total of successful milrinone plus dobutamine-treated patients was 41/58 (71%) compared with 43/59 (73%) for the nitroglycerin patients who received dobutamine (P ϭ NS). Figure 1 presents the effects of milrinone or nitroglycerin alone on heart rate, CI, and PCWP. Despite comparable changes in PCWP at all time points, milrinone-treated patients showed consistently greater increases in CI. The time to achieve hemodynamic goals at hour 0 was significantly shorter in the milrinone-treated group than in the nitroglycerintreated group (33 min Ϯ 2 min v 54 min Ϯ 10 min; P < .001). In those patients in whom the hemodynamic goal was not achieved or maintained, additional therapy was provided after hour 0. Figure 2 shows the changes in heart rate, CI, PCWP, and SVR occurring with milrinone and nitroglycerin groups before and after the addition of dobutamine. The initial rapid rise in CI at hour 0 is followed by an approximation of the curves. After dobutamine administration, the 2 curves approach each other and run parallel for the duration of the study. At hour 0, despite a comparable reduction in PCWP, increases in CI were significantly greater for the milrinone Ϯ dobutamine/nitroglycerin patients than for the nitroglycerin Ϯ dobutamine group (50% Ϯ 5% v 24% Ϯ 4%; P ϭ .0003 [ Fig. 2]) . The percent changes in SVR were significantly greater in the milrinone group than in the nitroglycerin group (31% Ϯ 3% for milrinone patients v 16% Ϯ 4% for nitroglycerin patients; P ϭ .004). Figure  3 presents the effects of milrinone or nitroglycerin alone on MAP and SV. A significantly greater percent increase in stroke work index at hour 0 was also observed for the milrinone group in comparison with the nitroglycerin group (51% Ϯ 7% v 27% Ϯ 5%, P ϭ .008). Approximately twice the percentage of NYHA III patients achieved their hemodynamic goals with milrinone versus nitroglycerin compared with class IV patients (NYHA III: 57% v 17%, P < .001, NYHA IV: 26% v 9%, P ϭ NS).
Maintenance of Hemodynamic Goal at 24 Hours
The proportion of evaluable patients who reached the hemodynamic goal (20% to 30% increase in CI and a 25% reduction in PCWP) and maintained these goals at 24 hours was statistically significantly greater (P ϭ .026) with milrinone treatment alone (11/46 patients, 24%) than with nitroglycerin treatment alone (3/51 patients, 6%). When milrinone treatment alone was compared with the sum of nitroglycerin alone and nitroglycerin plus dobutamine, 24% of patients in each treatment group maintained the treatment goal at 24 hours. A significantly greater proportion of patients reached the hemodynamic goal and maintained it at 24 hours in a sum of milrinone alone and milrinone plus add-on therapy-treated patients (20/46 patients, 43%) compared with the sum of nitro- glycerin alone and nitroglycerin plus dobutamine-treated patients (12/51 patients, 24%; P ϭ .038).
Change in Killip Class and Global Clinical Status
The treatment effect on the change from baseline to the last study observation was assessed for both Killip class and global clinical status. In the milrinone group, Killip class decreased for 17 patients and remained the same for 41 patients (P < .0001 v baseline); no patients had an increase in Killip class. In the nitroglycerin group, 11 patients had a decrease; 1 patient had an increase, and 50 patients had no change in Killip class (P ϭ .0063) versus milrinone.
Safety
All 125 patients entering the study were evaluable for analysis of safety data. Adverse events were reported in 33/60 (55%) milrinone-treated patients, compared with 48/65 (74%) patients in the nitroglycerin group. Most adverse events were mild to moderate in severity. The incidence of adverse events ascribed to study medication by the investigator was significantly (P ϭ .050) greater in the nitroglycerin group (39/65, 60%) than in the milrinone group (25/60, 42%). Headache, the most commonly observed related adverse event in both groups, occurred less frequently in 7/60 (12%) of milrinone-treated patients compared with 20/65 (29%) in the nitroglycerin-treated patients (P ϭ .03).
Three patients discontinued milrinone because of adverse events, 1 each for ventricular ectopy, renal insufficiency, and hypokalemia. Four patients discontinued nitroglycerin because of adverse events, 3 for ventricular ectopy and 1 for hypotension.
Discussion
This study demonstrates the efficacy and safety of intravenous milrinone in the treatment of patients with advanced decompensated heart failure in comparison with intravenous nitroglycerin, a pure vasodilator. This is the first study to show that an intravenous inodilator strategy is both immediately, and over a 24-hour period, more efficacious than a pure vasodilator approach in patients admitted to the hospital with decompensated advanced heart failure. Further, intravenous milrinone was significantly more effective in both the attainment of predetermined hemodynamic goals and in the time to achieve these goals. The need for additional inotropic agents was significantly less in the milrinone-treated group.
A number of clinical studies (11, 16) have shown the acute beneficial hemodynamic effect of bolus administration of milrinone in patients with severe decompensated heart failure. In a study comparing intravenous milrinone and intravenous nitroprusside in patients with severe heart failure, Jaski et al (9) reported a significant increase in CI and reduction in left ventricular enddiastolic pressure with milrinone therapy. These hemodynamic changes were associated with an improvement in clinical symptoms. Additionally, others have reported that there was also evidence of an increase in coronary blood flow associated with intravenous milrinone Fig. 1 . Changes in heart rate, CI, and PCWP after administration of milrinone or nitroglycerin (NTG) alone. The first point in each graph is the baseline (B) value obtained before drug administration. *P < .05 v baseline; † P < .05 milrinone v nitroglycerin. (12, 13 ). There has not been a study that has examined whether these improvements are sustainable for a 24-hour period in the clinical setting.
The patients in this study with severe decompensated heart failure NYHA III or IV achieved the 2 predetermined hemodynamic goals (reduction in PCWP and increase in CI) in a significantly greater percentage of patients treated with milrinone alone than with nitroglycerin alone, suggesting that inodilator therapy may be the preferred initial intravenous therapeutic strategy. Further, given the safety profiles seen in this trial, it seems that milrinone is acceptably safe and tolerable with up to 24 hours of continuous therapy, despite the increase in heart rate. Finally, as the prespecified end point was follow-up at 24 hours only, no comment can be made about the long-term effects of this early, upfront inotropic versus vasodilator approach to patients with decompensated heart failure.
This study shows that milrinone is a more effective alternative to pure vasodilator (eg, nitroglycerin) therapy in patients with NYHA III or IV decompensated heart failure in achieving balanced afterload reduction and Fig. 2 . Changes in heart rate, CI, PCWP, and SVR before (pre) and after addition of dobutamine to milrinone-treated versus nitroglycerin (NTG)-treated patients. The first point in each graph is the baseline (B) value obtained before drug administration. *P < .05 milrinone v nitroglycerin. improvement in cardiac output in the clinical setting. The short-term use of intravenous milrinone in patients with decompensated heart failure seems safe and well tolerated. The efficacy and safety profile of intravenous milrinone observed in this study allow for a monotherapy approach that more efficiently improves cardiac and systemic hemodynamics in decompensated heart failure patients admitted to the hospital. These effects will allow for more rapid augmentation of organ perfusion and optimization of a patient's oral regimen. Although yet to be tested, this approach may ultimately reduce hospital length of stay and total cost of care for this complex and challenging group of patients.
